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Abstract— The European Student Earth Orbiter (ESEO) is a 
micro-satellite mission to Low Earth Orbit and is being developed, 
integrated, and tested by European university students as an ESA 
Education Office project. AMSAT-UK and Surrey Space Centre 
are contributing to the mission with a transceiver and transponder 
similar to that of FUNcube-1 with the addition of utilising an 
Atmel AT32 processor for packet software-redundancy, baseband 
processing, forward error correction, and packet forming; acting 
as a step towards software defined radio using automotive 
microprocessors [1]. As on the FUNcube-1 satellite, the telemetry 
formats and encoding schemes presented utilize a large ground 
network of receivers on the VHF downlink and conforms to 1200 
bps and a new 4800 bps redundant downlink for the rest of the 
spacecraft. The uplink is on L-band using bespoke partial-CCSDS 
frames. 
This paper describes the lean satellite design approach 
introduced by Cho et al. [2] for hardware and software 
development and testing of the proto-flight model (PFM) payload 
computer. Furthermore, it assesses the compliance of the project 
to customer and ESA specifications and discusses the applicability 
of these standards. Finally, lessons learned are elaborated to 
provide guidance for future small satellite projects. Through 
multiple student projects, it was possible to successfully develop a 
proto-flight model using the lean satellite design approach which 
entailed an improvement of customer specification compliance 
from 81% to 86% comparing to the engineering model. 
In software, utilising the Google Test Suite for verification of 
the SDR functions and FreeRTOS tools allowed students to 
optimize processor load margins to 30% when operating 
parallelized ADC and DAC, and CAN-open telemetry chains and 
exploring stable memory operations. A further finding was that in 
Summer 2017, there was an overall compliance of 82% to the 
CubeSat standard and 57% to the analysed set of ECSS 
specifications could be achieved. The poorer compliance in ECSS 
is due to the incomplete environmental testing at that time. The 
unfunded and student-based nature of the project places 
significant challenges when compared to conventional missions – 
but this was outweighed by the ESEO flight opportunity. 
Following this, we recommended to further the development of a 
new ISO standard for lean satellite design as initiated by Cho et al. 
[3] which eases the development process and reliability of small 
space projects that struggle to fully comply to ECSS or CubeSat 
specifications. ESA have since defined a subset of ECSS 
Specifications for educational and CubeSat missions. 
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I. INTRODUCTION 
The European Student Earth Orbiter (ESEO) is a micro-
satellite mission to low Earth orbit (LEO) being developed, 
integrated, and tested by European university students as an ESA 
Education Office project together with an industrial prime 
contractor called Sitael (formerly ALMASpace) in Italy. ESEO 
aims to provide student payload teams with unparalleled hands-
on experience to help prepare a well-qualified space-engineering 
workforce for Europe’s future. The teams are expected to 
provide spacecraft subsystems, payloads and ground support 
systems as part of their academic studies; and AMSAT-UK have 
teamed with Surrey Space Centre at the University of Surrey to 
deliver an amateur communications payload which also acts as 
a redundant downlink. 
The development of an amateur communications payload 
began in 2008 and, at the time, a 5.6 GHz transmitter and UHF 
receiver was proposed together with a laser beacon. However, 
the mission was re-evaluated by ESA at Phase B and the payload 
was revised to minimize spacecraft mass. As such, a VHF 
transmitter and L-band receiver was proposed which also 
avoided the primary UHF TMTC transceiver frequencies [4]. 
 To fit the university calendar, the development was 
completed over a number of years. To meet interface baseband 
requirements of a transmitter and receiver, dual CANopen and 
I2C telemetry buses, the Atmel AT32UC3C processor was 
chosen. The main hardware and software control interfaces were 
built up for I2C, CANopen, and also a 1200 baud AFSK receiver 
using open source demodulator C code [5]. As a proof of 
concept, the initial student team collected APRS signals from 
the baseband audio output of an ICOM 910H radio and 
transmitted them over CANopen – demonstrating key parts of 
the chain. Further students worked on input and output filters for 
both hardware and software to receive 1200 baud AFSK and also 
transmit 1200 baud BPSK. The student engineers improved on 
the software too by understanding signal quantization, 
measurement, and phase error to understand where soft and 
hardware decisions are made in decoders – and by taking a 
windowed data approach to ensure correct decisions. These plots 
recorded sampled data and output bits throughout the decoding 
process for viewing and transferring to computers for analysis; 
see Figure 1. After this initial concept development, there were 
two further U.K. students that worked on the Engineering Model 
(EM) development PCB designs before a final set on the Proto 
Flight Model (PFM). This paper focuses on the ‘lean’ approach 
to qualification in two areas: environmental test and software 
verification. Two papers go into further technical detail [6] [7]. 
  
II. ENVIRONMENTAL TESTING 
As part of the verification process, we require functional, 
thermal vacuum, vibration and EMC tests on the payload. The 
objective of the functional test is to confirm the overall 
functional performance of the payload electronics and covers 
aspects such as grounding, power consumption, CAN bus 
operation, carrier and modulation characteristics as well as 
commanding in the different operational modes. Moreover it 
contains procedures to test the transponder and the autonomous 
switching between modes depending on temperature. Sets of 
procedures with the payload designers conducted over time in 
parallel during assembly, calibration and environmental testing 
were taken to understand the behaviour of the payload. This 
highly intimate and risk-taking strategy allowed the team to 
parallelise the verification process with build and test to save 
time. Pragmatic best approaches were discussed and taken 
where deviation was required. However, this test philosophy 
may have led to non-compliance with ECSS testing 
requirements (discussed later). 
A. Vibration 
To ensure that the spacecraft can withstand the mechanical 
launch environment, a vibration test comprising sinusoidal and 
random vibration sequences was performed. Before and after 
those tests a low-level sine vibration was applied. This allows to 
compare the shock response spectrum of each low-level sine test 
in order to find any mechanical change on the test subject which 
would be indicated by a deviation in the spectrum. 
Because of the PFM approach the test was conducted at 
qualification level at the request of the customer. This leads to 
higher risk of damage on the flight hardware but is in accordance 
with ECSS recommendations. Since the facility at Surrey Space 
Centre does not provide clean room conditions and thus violates 
ECSS requirements for testing, precautions had to be taken to 
protect the payload from contamination as much as possible. 
Before mounting, the entire machine was covered in a plastic 
sheet to protect the payload from the dust coming from the 
hydraulic system. Furthermore, all open venting holes in the 
payload enclosure were covered using Kapton tape in the 
cleanroom to minimise particle contamination inside the 
enclosure and on the PCB’s. 
The tests were performed sequentially for each axis and al- 
though there were differences in the low-level sine responses, an 
inspection revealed no physical change or damage to the 
payload. In most aspects the test was done according to the 
procedures but there were deviations. The pre-vibration test on 
the adapter plate without payload was only performed as a low-
level sine test and an acceptance test was skipped because the 
team and the trained facility staff came to the conclusion that is 
was not necessary and it would save time. A major deviation to 
the test procedures was that the payload was not functionally 
tested after vibrations for one axis was finished but only after all 
vibration tests were completed. The payload was only tested 
after all vibration tests were completed. The reason for this was 
the time pressures as well as the fact that a damage on the 
payload would have been fatal for the mission and jeopardise the 
ability to meet the delivery deadline regardless of which test it 
occurred. An inspection and extensive functional testing after 
the vibration test revealed no defects on the payload and enabled 
the team to proceed with the test plan. 
B. Thermal Air & Thermal Vacuum 
The thermal testing of the payload was intentionally con- 
ducted after the vibration which increases chances to detect any 
damage induced by the mechanical stress on payload. Because 
the thermal vacuum test will transition only between hot (70C) 
and cold (−25C) cycles, it is necessary to test the payload in 
smaller temperature intervals to calibrate the internal 
temperature sensors. The FUNcube Dashboard software was 
used to convert the measured ADC values in actual values.  
 
Figure 1. FUNcube Dashboard Image 
A thermal air chamber at Surrey Space Centre was used to 
test temperatures from 0C to 60C in 10C intervals and 
calibrate thermocouples at the same time. The temperature of the 
payload was measured with thermocouple sensors attached to 
the enclosure, the processor, and DC/DC converter. The data 
suggested that the sensors on the board were linear. Due to the 
large size of the thermal chamber and time pressure, the dwell 
time at each temperature interval was limited to around 10 
minutes which violates ECSS requirements but can be justified 
by the non-critically of the calibration process for the mission 
and the fact that there were no customer requirements on 
calibration. 
The full thermal vacuum test took place at a RAL Space in 
Harwell. The required cycle pattern took about 48 hours to 
complete and comprised 4 cycles between +70C and −25C to 
expose the payload to extreme temperature changes and verify 
its full operability at all times. In order to do this, the payload 
was electrically connected via the chamber interface plate. At 
+70C and −25C temperatures are kept for a dwelling time of 
2 hours to allow the payload to reach equilibrium and take 
accurate measurements in cycles 1 and 4. A deviation during this 
test was to instead of having major dwell points, was to add a 
stabilisation criteria of 1K/h at each plateau instead of the 2 hr 
dwell times. Measurements from these cycles were compared 
later to identify any vacuum induced damage. 
Functional testing during the tests revealed that the flight 
software still contained software constants for incorrect 
temperature limits that were set for the engineering model to 
switch into safe mode – this was not found in the thermal air 
tests. This anomaly meant the PFM could not be fully 
commanded by the GSE over 50C and could be argued that the 
full ECSS approach would have allowed the functionality to be 
verified at the correct temperatures. The TVAC test was 
compliant to the test procedures in all aspects and further 
functional testing at SSC confirmed that the payload was not 
damaged and was still fully operational after completion. The 
test was in line with both customer and ESA specifications. 
III. SOFTWARE CHALLENGES 
 A key objective for this project was that in order to 
meet ESA timing and resource management constraints [8], it 
would be necessary to utilise a real-time operating system 
(RTOS). Due to its small memory footprint and processor cycle 
  
overhead, combined with its free license, FreeRTOS was 
selected for use. This allowed for functional areas of the 
software to be split up into threads, thereby isolating discrete 
software functionality and allowing for best practice 
development techniques to be used. Therefore CANopen, 
uplink, downlink, telemetry collection, payload data transfer and 
satellite operations were split into individual threads. 
 A problem encountered due to the multi-organisational 
nature of this project was that of developing software to a strictly 
defined interface between organizations and proving the 
functionality before the two systems were coupled. An example 
of this was the application layer protocols operating on top of 
the CANopen communications protocol, allowing for 
communications between the AMSAT payload and satellite 
itself. An emulator with limited functionality was supplied by 
Sitael to ensure correct hardware configuration however this 
would not prove higher level software operations, as a trial a 
software development practice entitled Test Driven 
Development (TDD) was used throughout the project, the end 
result of this was that when the payload was integrated with the 
satellite it worked immediately – the value of TDD has been seen 
many times over during this development and should be strongly 
considered by anyone wishing to collaborate on a project 
successfully. 
In order to validate the behaviour of our corrected Multimon 
implementation, a software test harness was created using C++ 
in the xUnit Google Test Framework [9], a bespoke AFSK 
encoder was then developed within the harness, this encoder 
took a binary input stream and created an AFSK signal at the 
correct rate for the Multimon decoder sampling frequency. The 
use of this test harness meant that the library functionality could 
be tested without having the hardware present and without an 
RF commanding chain to send AFSK packets to the payload, 
this allowed for the library to be tested in isolation from the rest 
of the system. The input and output of this encoder can be seen 
in Figure 2. 
 
Figure 2. Test Harness for AFSK using xUnit Google Test Framework 
With this tool, we were able to quickly construct and test 
signals for our baseband processing and hone the processing 
chain requirements suitable for a student project duration. 
Similar processes and tools are used in Surrey’s CubeSat 
missions [10]. 
IV. PFM COMPLIANCE 
Compared to the EM, the overall compliance achieved with 
the PFM increased significantly – and are reviewed from three 
points of view: the spacecraft (Sitael’s, or the customer), ECSS, 
and ESA CubeSat Standards. In Summer 2017, the spacecraft 
requirements compliance increased from 81% to 86% while 
ECSS compliance was determined as 57% and compliance to 
the CubeSat specification as 82%. We reviewed the spacecraft 
requirements to find that full compliance is possible but 
ambiguous requirements led to non-conformity.  
The compliance of the relevant ECSS standards and its 
tailored CubeSat versions is illustrated in Figure 3. In total, 519 
ECSS requirements and their CubeSat equivalents were 
analysed and classified in five categories. Green indicates that 
the requirement is compliant in both the original and the tailored 
ECSS specification. Blue means that it is compliant with the 
original ECSS and not applicable in the CubeSat version. 
Yellow represents requirements that could not be met in the 
original ECSS but are compliant or not applicable in the tailored 
document. Orange indicates requirements for which the 
compliance status could not be determined clearly or a 
verification task is yet to be performed. Finally, the red colour 
signifies that requirements are not compliant in either of the two 
versions of the specification. 
The bar chart shows that the flight model achieved a 
compliance of around 50 to 70% for this selection of relevant 
ECSS specifications. The fact that the compliance is better in the 
radio frequency and structure specification can be explained by 
the low number of applicable requirements to the project of 22 
and 30, respectively. By adding the blue and yellow category, 
the compliance status for the CubeSat tailored version, we can 
interpret between 80 to 90% compliance could be achieved. This 
is not unexpected since the CubeSat standard tailoring relaxes 
many requirements that are more suitable for large space 
projects and makes them applicable for small scale amateur 
projects. In addition, the chart shows that up to 10% of original 
ECSS requirements are met despite a relaxation or making them 
not applicable in the tailored document. A possible explanation 
for this is that the ESEO satellite is bigger than conventional 
CubeSats and therefore could be located between professional 
satellites and CubeSats on a scale of design complexity and 
Figure 3. ECSS and CubeSat Compliance Assessment 
  
quality which enables it to comply with more sophisticated 
ECSS requirements without tailoring.  
Between 0 and 20% of requirements are not met in either 
specifications primarily because they require a much higher 
standard infeasible to a student based academic and amateur 
project. But also due to early compromises were taken during 
development and verification which led to ECSS non-
compliance whilst still being compliant to the customer 
specification. Finally, several requirements could not be 
allocated to one the discussed categories because it is unclear if 
those requirements are met due to missing data (e.g. tests not 
performed) or ambiguous interpretation. 
If only six requirements would be updated with tailored 
requirements that are suitable for the payload, a compliance of 
94% could be achieved. In the event Sitael or ESA provides the 
necessary facilities for a full EMC test, additional three 
requirements could be verified which could results in a 96% 
compliance. Only a small selection of relevant ECSS documents 
were analysed here due to the limited time frame and focus on 
the PFM development, but gives nevertheless attempts to 
quantify the general ECSS compliance. 
V. PROJECT DISCUSSION & EDUCATIONAL VALUE  
The lean satellite design approach utilised for the PFM 
development entailed significant deviation from ECSS 
conformal design and verification but allowed to save time, cost 
and other resources. It was possible to parallel many tasks and 
conduct testing concurrently with assembly and flight 
preparation to discover errors and correct them as early as 
possible to avoid delays and cost increase. Hardware issues that 
occurred during this process were fixed quickly and efficiently 
by relying on the internal experience of the team and local 
experts towards developing reliable and cost-effective solutions. 
A suitable risk management approach enabled the team to 
conduct environmental tests in a very short time frame with the 
payload passing all requirements successfully and gathering 
calibration data for the flight software and telemetry 
simultaneously. Nevertheless, care was taken to perform 
environmental testing in a very professional manner and in 
conformance to the test procedures since insufficient 
verification and immature workmanship are the most common 
reasons for failure in CubeSat projects [11]. The strategy to do 
continuous functional testing during the entire assembly and 
testing process turned out to be very valuable. Extensive testing 
with ground station equipment enabled the team to simulate near 
mission conditions, check the RF performance and to change 
resistors on the RF boards to adjust the filter characteristics 
immediately. In order to calibrate the internal temperature 
sensors, the vacuum test was combined with a thermal ambient 
test to collect data over a large temperature range of −25C to 
+70C in a very time-efficient manner. 
Furthermore, the dense university calendar and time 
consuming preparation for several exams limited the available 
time that could be spent working on the project more than 
initially expected. In terms of team communication, the small 
size of the team had great advantages over traditional projects 
that involve many people. It was possible to synchronise the core 
team of five people through a common Skype group, regular 
face to face meetings and email while keeping the 
documentation effort low. However, this poses the risk that 
important knowledge gets lost if one team members leaves the 
project. The outstanding dedication of all team members that 
worked on weekends and several times during the night ensured 
that deadlines were kept and had significant influence on team 
building which mitigated the risk of team members leaving the 
project. 
Furthermore, most team members worked on the project un- 
compensated in parallel to their daytime jobs which implies a 
strong dedication and commitment to the project and ensures 
excellent work ethics. Bartram [6] who was working on the same 
project identified that communication between different 
working groups is critical and project updates from the top level 
are able to provide continuing motivation for payload teams at 
lower level. He also points out that every student that was 
working on the project found real value and motivation in 
working with the experienced AMSAT team on a hands-on 
space project that will actually launch into orbit. 
The team stayed in constant contact to the customer for 
synchronisation and to discuss and agree on any design changes 
and problem resolving or mitigation strategies in a fast way. In 
addition, comprehensive documentation was maintained to 
ensure common understanding among team members, Sitael and 
ESA. Internal delays due to technical issues were recovered by 
working overtime, on weekends or in night shifts [11].  
The final unit is shown at Surrey Space Centre in Figure 4 
and has since required further modification to ensure 
manufacturing and testing is applied with good practices that are 
expected for an ESA space flight hardware, keeping to ECSS 
standards as reference. A key lesson here is to pay closer 
attention to customer requirements and specifications rather than 
meeting deadlines – both ESA and Sitael have been pragmatic 
in helping the team move forward, and provided a unique 
opportunity for all students and staff involved. 
 
Figure 4. AMSAT Payload, Summer 2017. 
Each student has found real value in working with the 
experienced AMSAT team in a real mission. We note the 
following feedback: “it has been great to get the opportunity to 
work on something that is going to go into orbit, that fact has 
been really motivational throughout the year. It has also been 
good to be able to collaborate with AMSAT and Sitael as it gives 
an exposure that would otherwise have been missed.” Each U.K. 
student involved in the project has gone on to PhD studies. 
VI. SUMMARY 
By using a pragmatic lean satellite design and verification 
approach, it was possible to successfully build a payload proto-
flight model that is highly compliant to customer specifications. 
It is a thorough recommendation that this process is followed by 
any similar projects in the future and to identify early ESA 
specifications and compliance processes. 
The literature review on academic space projects revealed 
vital lessons learned that could be exploited for this project. By 
adopting a different design, manufacturing, mission and 
management philosophy than traditional missions the project 
  
achieved some significant advantages. Such a small project team 
has the ability to easily implement agile project management 
methods and to establish an efficient team communication. 
Because the AMSAT core team consisted of only 5 people that 
live in close proximity, it was possible to schedule face-to-face 
meetings regularly for important discussion or test campaigns. 
Using freely available software such as Skype allowed to 
establish a 24h group communication channel for discussions 
and to virtually participate in any testing activities over video 
conferencing. 
The PFM could not achieve full ECSS compliance to 
customer specifications due to early review and ambiguous 
requirements. Despite having superior facilities, equipment and 
expertise compared to most academic CubeSat teams, only an 
overall compliance of 82% to the CubeSat standard and 57% of 
the analysed ECSS requirements could be achieved with the 
PFM. In addition, the EVT test campaign comprised of minor 
deviations from test procedures by working with Sitael and ESA.  
Considering this, it is recommended to further promote the 
development of a new ISO standard for lean satellite design that 
could ease the development process and reliability of small 
space projects that struggle to fully comply to ECSS or CubeSat 
specifications. This approach seems to be a promising concept 
but further investigations to identify best practices of small 
satellite projects are required to assist in the development of such 
a standard. 
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